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During rapid deceleration of the body, tendons buffer part of the elongation of the
muscle–tendon unit (MTU), enabling safe energy dissipation via eccentric muscle
contraction. Yet, the influence of changes in tendon stiffness within the physiological
range upon these lengthening contractions is unknown. This study aimed to examine
the effect of training-induced stiffening of the Achilles tendon on triceps surae
muscle–tendon behavior during a landing task. Twenty-one male subjects were
assigned to either a 10-week resistance-training program consisting of single-leg
isometric plantarflexion (n = 11) or to a non-training control group (n = 10).
Before and after the training period, plantarflexion force, peak Achilles tendon strain
and stiffness were measured during isometric contractions, using a combination of
dynamometry, ultrasound and kinematics data. Additionally, testing included a step-
landing task, during which joint mechanics and lengths of gastrocnemius and soleus
fascicles, Achilles tendon, and MTU were determined using synchronized ultrasound,
kinematics and kinetics data collection. After training, plantarflexion strength and
Achilles tendon stiffness increased (15 and 18%, respectively), and tendon strain
during landing remained similar. Likewise, lengthening and negative work produced by
the gastrocnemius MTU did not change detectably. However, in the training group,
gastrocnemius fascicle length was offset (8%) to a longer length at touch down and,
surprisingly, fascicle lengthening and velocity were reduced by 27 and 21%, respectively.
These changes were not observed for soleus fascicles when accounting for variation in
task execution between tests. These results indicate that a training-induced increase
in tendon stiffness does not noticeably affect the buffering action of the tendon
when the MTU is rapidly stretched. Reductions in gastrocnemius fascicle lengthening
and lengthening velocity during landing occurred independently from tendon strain.
Future studies are required to provide insight into the mechanisms underpinning these
observations and their influence on energy dissipation.
Keywords: Achilles tendon, energy absorption, mechanical buffer, stiffness, tendon properties, energy dissipation
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INTRODUCTION
Elastic properties of tendons are inextricably linked to the
mechanical output of the muscle to which they are attached.
The function of elastic tissue and energy storage includes but
is not limited to the conservation of energy or the power
amplification observed during locomotor tasks (Roberts and
Azizi, 2011). As shown in animals (Roberts and Azizi, 2010;
Roberts and Konow, 2013) and in humans (Werkhausen et al.,
2017), tendons also act as mechanical buffers to accommodate
rapid stretches of the muscle–tendon unit (MTU) and thus
contribute to mechanical energy dissipation via lengthening
contractions. The buffering function of the tendon provides
a controlled means for the MTU to absorb energy, and is
associated with a mechanism to protect muscle fascicles against
damage caused by rapid and excessive strain (for review see
Roberts and Konow, 2013). Thus, during a task where power
attenuation is required, the tendon mechanical properties affect
the active lengthening of muscle fibers and their ability to
dissipate energy. It follows that changes in tendon properties may
affect muscle–tendon interaction and energy dissipation in the
MTU.
There is a consensus among studies regarding tendon’s
adaptability to mechanical loading (Wiesinger et al., 2015).
In humans, several studies have demonstrated a stiffening of
the Achilles tendon after various types of resistance training
(e.g., Kubo et al., 2002; Arampatzis et al., 2007). Additionally,
tendinous adaptations seem to occur in parallel with muscular
adaptations (Miller et al., 2005; Seynnes et al., 2009), suggesting
the influence of the former on work production during locomotor
activities.
Modeling studies have demonstrated the theoretical link
between locomotion efficiency, tendon stiffness and muscle
architecture. Simulations using Hill-type muscle models have
shown that during walking and running, contractile efficiency
is maximized at optimal combinations of tendon compliance
and muscle fascicle length (Lichtwark and Wilson, 2007,
2008). Accordingly, a recent study reported that muscle–tendon
behavior during a stretch-shortening exercise was altered after
a training intervention that increased Achilles tendon stiffness
(Hirayama et al., 2017). Hirayama et al. (2017) interpreted these
findings as an optimisation of the muscle–tendon behavior to
produce power, via a decrease in fascicle shortening velocity and
an increase in tendon shortening velocity. A similar relation
between changes in tendon compliance and muscle contractile
behavior may apply to lengthening contractions in energy
dissipation tasks, but this question has not been investigated to
date.
Hence, the aim of this study was to investigate the
effect of a resistance training-induced increase in Achilles
tendon stiffness on the behavior of the triceps surae MTU
during a task requiring energy dissipation. We predicted
that training-induced stiffening of the Achilles tendon would
reduce tendon strain during the landing task. This decrease
was in turn expected to reduce the buffering action of the
tendon and increase the magnitude and velocity of fascicle
lengthening.
MATERIALS AND METHODS
Experimental Protocol and Participants
Twenty-one recreationally active volunteers provided written
informed consent to participate in the present study, which was
approved by the ethical committee of the Norwegian School of
Sport Sciences. A priori power calculations based on a previously
observed increase in Achilles tendon stiffness with isometric
training (Arampatzis et al., 2007) suggested a power of 0.96 with a
sample size of n = 8. Eleven subjects were assigned to the training
group (height 174± 9 cm, body mass 70± 9 and 69± 9 kg before
and after training, respectively, age 26 ± 4 years, five men and
six women). Exclusion criteria were musculoskeletal disorders
preventing the possibility to perform resistance training, and
regular strength training of the plantar flexor muscles prior
to the study. The subjects in the training group underwent a
regimen of explosive, isometric plantarflexions for 10 weeks,
while the remaining ten subjects (height 178 ± 8 cm, body
mass 73 ± 8 kg before and after training, age 30 ± 3 years,
six men and four women) were assigned to the control group.
Control subjects did not engage in any resistance training for
the plantar flexors and were instructed not to change their
daily activities during the course of the study. All participants
went through the same protocol before and after the training
period where (1) anthropometrics and mechanical properties of
the triceps surae MTU were measured, and (2) muscle–tendon
behavior during an energy dissipation task was examined by
use of ultrasonography, kinematics and kinetics analyses. Before
testing subjects performed a warm-up exercise consisting of 5-
min running on a treadmill at self-selected speed. For the energy
dissipation task, subjects were asked to perform single-leg drop
landings from a height of 15 cm. This height was chosen to
allow landing with minimal knee flexion. All measurements were
performed on the right leg.
Exercise Program
The training group performed standing isometric unilateral
plantarflexions three times per week for 10 weeks. Each training
session started with a 5-min warm up on a cycle ergometer,
followed by four sets of ten explosive contractions (1 s loading,
5 s rest). Explosive contractions with a short time under tension
were used in an attempt to minimize strength gains and muscle
hypertrophy (Cormie et al., 2010; Balshaw et al., 2016) while
eliciting a stiffening of the Achilles tendon. For the training
task, subjects stood on one leg in an adjustable and rigid
custom-built rig with their ankle and knee joints in anatomical
position, facing a wall. The position of horizontal shoulder arms
attached to the wall was adjusted to the shoulder height of
each individual. A taut cable that ran vertically between the
shoulder arms and the ground prevented upward displacement
of the subjects’ shoulders, enabling isometric plantar flexion
contractions. Strength measurements used to monitor and adjust
training load were obtained from a strain gauge placed in series
with the vertical cable. Subjects were instructed to reach the target
force as fast as possible. The contraction intensity was set to 80%
of maximum force and was adjusted during the first training
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session of every week. Pilot testing indicated that this force level
was the highest that subjects could reach reliably across four
sets of 10 repetitions. Visual feedback of instantaneous force was
provided to the subjects to enable them to match the target force
during training and to visualize maximal force during testing.
Properties of the Muscle–Tendon Unit
Muscle Architecture
Ultrasound images of resting muscle architecture were taken
from the mid-belly of the muscle (i.e., mid-length between the
popliteal fossa and the gastrocnemius myotendinous junction
and along the mediolateral width) when the subjects were lying
prone with the hip, knee, and ankle joints in anatomical position
(HL9.0/60/128Z-2, LS 128 Telemed, Vilnius, Lithuania). Fascicle
length, pennation angle and thickness of gastrocnemius medialis
were measured offline with software for image analysis (ImageJ,
National Institutes of Health, Bethesda, MD, United States).
Fascicle length was measured as a straight line aligned with
visible portions of fascicles, between the superficial and deep
aponeuroses. A linear extrapolation was necessary in the few
cases when the fascicles did not fit within the 60 mm field of view.
Pennation angle was defined as the angle between the segmented
fascicle and the orientation of the deep aponeurosis. Muscle
thickness was calculated as the average of the shortest distances
between the two aponeuroses, measured at 25, 50, and 75% of the
width of the field of view.
Maximal Voluntary Torque
Subjects lay prone on a dynamometer (IsoMed 2000 D. & R. Ferstl
GmbH, Hemau, Germany) with hip, knee, and ankle joints firmly
fixed at anatomical positions. Stiff pads and straps were adjusted
to restrict the movement of the trunk and knee joint. The axis
of the dynamometer was carefully aligned with the rotation axis
of the ankle joint, and foot straps, knee and shoulder pads were
adjusted to minimize movement. As a specific warm up, subjects
performed at least five submaximal contractions of the plantar
flexors. The maximal plantarflexion torque was determined as the
highest of at least two maximal voluntary contractions.
Achilles Tendon Mechanical Properties
In the same position, ultrasound scans (80 Hz) of the
gastrocnemius myotendinous junction, plantarflexion torque
(600 Hz) and kinematic marker trajectories (120 Hz) were
recorded simultaneously during ramp contractions to
estimate tendon stiffness. The ultrasound transducer was
fixed with adhesive tape over the myotendinous junction of
the gastrocnemius. A gel pad was positioned between the skin
and the transducer to allow consistent scanning when the
muscle was bulging. Four motion analysis cameras (Qualisys,
Gothenburg, Sweden) captured the positions of three reflective
markers attached to the ultrasound probe and one marker on the
calcaneus over the tendon insertion. A trigger signal from the
ultrasound system synchronized all measurements. Subjects were
provided with visual feedback and instructed to exert a torque
at a loading rate of 100 N m s−1 up to 90% of the individual
maximal torque. Ramp contractions at constant loading rate
were performed before trials were recorded, to familiarize the
subjects with the task and to ensure preconditioning of the
tendon (Maganaris, 2003b).
Marker trajectories were filtered with a second order
bidirectional low-pass Butterworth filter with a cut-off frequency
of 15 Hz. The position of the gastrocnemius myotendinous
junction was tracked offline semi-automatically by following
the closest visible fascicle insertion (Tracker 4.951). The fascicle
insertion was chosen in a region 1–3 cm proximal to the
actual muscle–tendon junction. The distance between the tracked
features and the muscle–tendon junction was constant in all the
video scans of each subject. Ultrasound data were filtered with a
second order bidirectional low-pass Butterworth filter with a cut-
off frequency of 6 Hz. Prior calibration established the position of
the ultrasound image relative to the kinematic markers on the cast
used to hold the ultrasound transducer. This enabled calculation
of the position of the myotendinous junction in the laboratory
coordinates system. Thus, Achilles tendon length was calculated
as the distance between the myotendinous junction and the
calcaneus marker during the contraction (Gerus et al., 2011).
Plantarflexion torque data was filtered, similarly to the kinematic
data, and the Achilles tendon force was estimated by dividing the
torque by the internal moment arm, measured externally with
a tape measure as the mean perpendicular distance from the
tendon to the midpoint between the medial and lateral malleolus.
For further analysis, 91% of the calculated tendon force was used
to represent the proportion of total ankle moment attributable
to the triceps surae (Dick et al., 2016). Using kinematics, the
torque was corrected to account for inevitable ankle joint rotation
(Arampatzis et al., 2005) and gravitational forces (Karamanidis
et al., 2005). Subsequently, the tendon force-elongation plots of
three out of five trials, where the trials with the highest and
lowest stiffness were excluded, were averaged and fitted with
a third order polynomial. Tendon stiffness was calculated for
every subject as the slope of the fitted force-elongation curve
between 50 and 80% of the maximum individual force level, and
maximum tendon strain was measured at the maximum common
force of pre- and post-tests for every subject.
Mechanics of the Landing Task
Joint Mechanics
Ankle and knee joint mechanics were measured from the right
leg during single-leg landings. Twenty retroreflective markers
were attached to the skin and captured by at least 12 cameras
operating at 300 Hz. Motion capture was synchronized with force
plates recording at 1500 Hz (Force-Link, Motek, Netherlands).
A modified Cleveland Clinics marker set (left and right anterior
and posterior iliac spine; right medial and lateral epicondyles;
right medial and lateral malleoli; posterior calcaneus and first,
second, and fifth metatarsal; two clusters of four markers to
track the right thigh and shank segment, respectively) was used
to calculate ankle and knee joint angles, moments and powers
(Visual 3D, C-Motion, Germantown, MD, United States). For
the purpose of the analysis, the landing phase was defined
as the phase of negative ankle power production. Ground
reaction force (GRF) and trajectory data were filtered at 15 Hz
1physlets.org/tracker/
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using a bidirectional second order low-pass Butterworth filter.
Gastrocnemius and soleus MTU lengths were estimated from
ankle and knee joint angles and shank length data (Hawkins
and Hull, 1990). Shank length was measured externally, from the
lateral malleolus to the lateral epicondyle.
Tendon Mechanics
Achilles tendon length during landing was estimated using the
same procedure as that described above for the measurement
of tendon stiffness, with the same frame rate of 80 Hz. The
instantaneous Achilles tendon moment arm was calculated as the
shortest perpendicular distance from the tendon to the ankle joint
center defined as the midpoint of the malleoli markers (Obst et al.,
2017). Achilles tendon force was then estimated by dividing ankle
joint moment by the moment arm (Fukashiro et al., 1993).
Fascicle Mechanics
Ultrasound videos were recorded in additional trials to examine
changes in gastrocnemius and soleus fascicle length. The use
of ultrasonography to determine muscle fascicle length has
previously been shown to provide satisfactory levels of reliability
(Gillett et al., 2013; Kwah et al., 2013). The transducer was
positioned over the gastrocnemius muscle belly, so that soleus
fascicles were also visible. A transducer cast and self-adhesive
tape prevented movement of the transducer. Fascicle lengths
and pennation angles were obtained using a semi-automated
tracking algorithm (Cronin et al., 2011; Farris and Lichtwark,
2016). Ultrasound images from each group were analyzed in
a random order (pre-post) by the same investigator. Fascicle,
tendon, and MTU velocities were obtained by differentiating the
corresponding length with respect to time.
Data Reduction and Statistical Analysis
Analysis of changes in variables of interest during the landing
task was performed over the period of negative power production
at the ankle joint, to reflect the duration of energy absorption
and dissipation. All time series data were resampled over 101
points and averaged across 4–5 trials per subject. Individual
mean time series were subsequently averaged across subjects
for each group. A repeated-measures, two-way ANOVA with
the factors time of testing (pre- vs. post training) and group
(training group vs. control group) was used to test differences
in Achilles tendon properties, muscle architecture and muscle–
tendon behavior at relevant phases of the landing task. Sidak
post hoc tests were employed in case of significant main effects
or time by group interactions. Pearson correlation coefficients
were calculated between the changes in tendon stiffness and
changes in tendon strain and fascicle lengthening during landing.
Statistical significance was set to P < 0.05. Results are presented
as mean± standard deviation in the text and as mean± standard
error of the mean in the line figures to illustrate the precision of
the mean.
RESULTS
Muscle–Tendon Properties and Maximal
Strength
Table 1 shows the changes in muscle–tendon properties of
both groups after the training period. The one repetition
maximum of the training group increased from 1670 ± 393 N
in week one to 2317 ± 607 N in week 10. Maximal isometric
plantarflexion torque increased on average by 15%, with
concomitant 5% increases in gastrocnemius pennation angle and
muscle thickness, without any change in fascicle length. Achilles
tendon stiffness measured before and after training increased on
average by 18%, although the strain at the individualized maximal
force reached in pre- and post-intervention tests (1683 ± 463 N)
did not decrease significantly (mean change: −9%, mean ± SD:
3.4 ± 0.7 and 3.1 ± 0.5%). Individual and mean force-
elongation relationship of the Achilles tendon are presented in
the Supplementary Figure S1. None of these variables changed
significantly in the control group.
Kinematics and Kinetics During the
Landing Task
Subjects in both groups executed the landing task in the same
way at pre- and post-training, as evidenced by similar landing
duration, peak GRF, knee and ankle joint moment and power, and
Achilles tendon force (Table 2). While control subjects landed in
a less plantar flexed position than trained subjects (P = 0.001), in
the training group the ankle angle at touch down was less plantar
flexed after training (P = 0.026). While no interaction effect was
TABLE 1 | Plantarflexion strength (torque), resting muscle architecture and Achilles tendon (AT) stiffness in the training group (TG) and the control group (CG) measured
in the pre-test (pre) and the post-test (post).
TG CG
Pre Post CI Pre Post CI
Torque [N m] 172 ± 50 198 ± 51 −11 to −42∗ 170 ± 51 180 ± 62 7 to −27
Lf GM [mm] 892 ± 133 907 ± 161 42 to −72 842 ± 161 840 ± 104 62 to −59
PA GM [deg] 18.1 ± 1.8 19.0 ± 2.0 0 to −1.7∗ 18.4 ± 1.1 18.3 ± 1.7 1 to −0.8
Thickness GM [mm] 237 ± 35 250 ± 38 0 to −27∗ 231 ± 38 235 ± 36 9 to −18
AT stiffness [N mm−1] 397 ± 146 459 ± 147 −14 to −109∗ 399 ± 193 400 ± 212 48 to −51
AT strain [mm] 4.4 ± 1.1 4.1 ± 0.5 −0.3 to 1.1 4.0 ± 1.5 3.9 ± 1.5 −0.6 to 0.8
Values are means ± SD; CI, 95% confidence interval of differences; GM, gastrocnemius medialis; SOL, soleus; Lf, length of fascicle; PA, pennation angle; ∗P < 0.05
comparing pre and post-test.
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TABLE 2 | Peak ankle and knee moment and power, Achilles tendon (AT) force, MTU work and landing duration in the training group (TG) and the control group (CG)
measured in the pre-test (pre) and the post-test (post).
TG CG
Pre Post Pre Post
Ankle moment [N m] −143 ± 34 −141 ± 30 −153 ± 26 −154 ± 34
Ankle power [W] −976 ± 260 −1012 ± 186 −1027 ± 192 −998 ± 193
Ankle work [J] −78 ± 25 −70 ± 30 −74 ± 21 −69 ± 13
Knee moment [N m] 90 ± 45 108 ± 42 117 ± 45 112 ± 40
Knee power [W] −314 ± 203 −455 ± 218 −549 ± 245 −532 ± 312
Knee work [J] −16 ± 16 −19 ± 13 −27 ± 15 −20 ± 16
AT force [N] 2746 ± 555 2750 ± 518 2848 ± 493 2857 ± 736
MTU work [J] 40 ± 13 39 ± 10 34 ± 8 30 ± 7
Duration [s] 0.205 ± 0.014 0.202 ± 0.013 0.204 ± 0.020 0.202 ± 0.020
Values are means ± SD; AT, Achilles tendon, no statistical differences were observed between pre- and post-test.
found for the ankle angle at touch down, a group effect showed
that control subjects landed in a less plantar flexed position
than trained subjects (P = 0.001). The analysis also showed a
main effect for time, with post hoc tests indicating a less plantar
flexed ankle angle at touchdown after training for the training
group (P = 0.026) but not for the control group (P = 0.306).
The excursion of the ankle joint during the task did not change
significantly after the intervention, as evidenced by a lack of
significant group × time interaction effect (P = 0.937). A trend
toward a reduced plantarflexion during landing was observed in
post-tests (−6% in the training group and −7% in the control
group) but did not reach significance (P = 0.110). Knee joint angle
at touchdown and knee joint excursion were statistically similar
between groups and after training (Figure 1).
Muscle–Tendon Measures During the
Landing Task
The mean changes in length of MTUs and their components
(fascicles, Achilles tendon only, and muscle) during landing
are presented for each group, before and after training, in
Figure 2. After an initial isometric phase (≈20% of landing
duration), soleus and gastrocnemius MTUs lengthened until
the end of the landing period. During the first half of the
landing, the Achilles tendon stretched, similarly to the whole
MTU and did not lengthen further in the second half. In
contrast, muscle fascicles initially shortened (P < 0.001),
before lengthening throughout the rest of the landing period
(P < 0.001). In line with the differences in ankle joint angle
mentioned above, group differences in length of MTU were
observed at touch down. In addition, gastrocnemius – but not
soleus – muscle and fascicles lengthened more during landing
in the training group than in controls before the intervention
(Table 3).
At the beginning of the negative power phase, gastrocnemius
fascicles were longer for the training group after training
(P = 0.012) whereas this variable did not change for the control
group (P = 0.930). Soleus fascicle length at this time point was
similar before and after training (P = 0.685). Consistent with
fascicle length, gastrocnemius pennation angle at touchdown was
lower after training (P = 0.035), while tendon length did not
change (P = 0.707).
After the training intervention, the onset of fascicle
lengthening occurred later for the training group (+7% of
the landing period for the gastrocnemius, P = 0.002 and +8%
for the soleus, P = 0.014, respectively) but not for the control
group (+1%, P = 0.788 and +3%, P = 0.614, respectively).
A significant effect of training was also seen on the magnitude
of gastrocnemius and soleus fascicle lengthening. Post hoc tests
showed that fascicle lengthening of both muscles decreased in the
training group only (Table 3 and Figure 2). Accordingly, peak
shortening and mean shortening velocity of the gastrocnemius
fascicles were significantly reduced in the trained group,
although this reduction did not reach significance for soleus
(Table 3 and Figure 3). To ensure that the observed effects
of training on fascicle length and velocity were not due to
slight differences in the execution of the task between groups
and time points, the same statistical analysis was performed
on fascicle length values normalized to instantaneous MTU
length. This additional analysis confirmed the differences
described in Table 3 and Figure 4. Neither fascicle shortening
nor lengthening of MTU and tendon differed significantly after
the training period (Table 3). No significant correlations were
found between the change in stiffness and tendon strain or
fascicle lengthening (r = −0.055 and P = 0.814, r = −0.373 and
P = 0.096).
DISCUSSION
The aim of this study was to examine the effects of a training-
induced increase in Achilles tendon stiffness on muscle–tendon
mechanics when power attenuation is required, during a drop
landing task. Our main hypothesis was that a stiffer tendon
would less effectively buffer the lengthening of muscle fascicles
against MTU lengthening. Before training, the overall behavior
of muscle fascicles and elastic structures during the landing
task was consistent with previous observations, showing the
buffering function of elastic structures to limit the amplitude
and velocity of fascicle lengthening (Roberts and Azizi, 2010;
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FIGURE 1 | Group mean ankle (A,B) and knee joint (C,D) angles during energy absorption in the training group and the control group before (pre) and after (post)
the training period. Time series are normalized to 101 points. Negative changes in angles correspond to ankle plantarflexion and knee flexion.
Werkhausen et al., 2017). The training intervention increased
Achilles tendon stiffness (18%) and muscle strength (15%).
Contrary to our predictions, these adaptations did not change
the elongation of the Achilles tendon but were accompanied
by a reduction in gastrocnemius fascicle lengthening during the
negative ankle power phase. Despite reduced fascicle lengthening
and unchanged joints moment, the same amount of negative
work was done at the ankle and the knee after training. These
results support the notion that altered tendon properties can
influence the contractile behavior of the triceps surae muscles
during a landing task, although the impact of these changes on
energy flow remains elusive.
Changes in Muscle–Tendon Properties
Training-induced changes in muscle architecture vary
considerably between reports and may depend on training
modalities (i.e., contraction type and velocity, (for review
see Timmins et al., 2016). Relatively small but significant
increases in pennation angle and muscle thickness were
measured in the present study. These adaptations are typically
associated with additional sarcomeres in parallel and are
consistent with the observed increase in plantarflexion strength.
However, the fascicle length was not affected by the training
protocol.
The 18% increase in tendon stiffness induced by the
present protocol is consistent with results from previous
interventions based on isometric contractions (Arampatzis
et al., 2010; Albracht and Arampatzis, 2013). Although a
reduction in strain measured during isometric contractions
was expected with tendon stiffening, this variable did not
change significantly in the present study, which is nevertheless
consistent with some previous reports (e.g., Arampatzis et al.,
2007). This apparent discrepancy may be attributable to the
lack of sensitivity of tendon strain measurements and the
difficulty to assess tendon slack length in vivo (Seynnes et al.,
2015). Additionally, while we were able to test the Achilles
tendon, changes in the mechanical properties of other elastic
elements (i.e., aponeuroses, connective tissue, and proximal
tendon) could not be assessed, and it is speculated that
other collagen-based structures may also have become stiffer
as the result of the intervention. These possibilities can
unfortunately not be verified here, and we conclude that tendon
stiffening was insufficient to reduce Achilles tendon strain
significantly.
Landing Kinematics
The more dorsiflexed position at the beginning of the landing
in the training group and the same trend in the control
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FIGURE 2 | Muscle–tendon unit (MTU) (A,B) and fascicle (C,D) lengths of gastrocnemius medialis (GM) and soleus (SOL), and Achilles tendon (AT) length (E,F).
Time series are normalized to 101 points.
group suggests that a slight change in the kinematic strategy
occurred between pre- and post-tests. Despite the practice trials
included in our protocol, this trend is possibly attributable
to an improvement of the task execution. Alternatively,
unaccounted effects of the training intervention (e.g., change in
optimal angle of torque production, increase in rate of force
development) may have led the trained subjects to land in
a less plantarflexed position after training. However, since no
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TABLE 3 | Peak length changes and velocities of the muscle–tendon unit (MTU), muscle fascicles, elastic element (EE), Achilles tendon (AT), and muscle length during
landing in the training group (TG) and the control group (CG) measured during pre-test (pre) and post-test (post).
TG CG
Pre Post CI Pre Post CI
1l Max lengthening [mm] MTU GM ¤ −32 ± 7 −30 ± 6 -7.1 to 1.4 −25 ± 6 −23 ± 6 −6.9 to 2.0
MTU SOL −35 ± 7 −33 ± 5 −6.3 to 2.0 −30 ± 6 −27 ± 6 −6.7 to 2.1
Fascicles GM ¤ −14 ± 4 −10 ± 2 −6.1 to −1.1∗§ −16 ± 3 −15 ± 2 −4.0 to 1.1
Fascicles SOL −11 ± 4 −8 ± 2 −4.2 to −0.2∗ −12 ± 3 −11 ± 2 −2.4 to 1.8
AT GM −12 ± 2 −11 ± 3 −2.3 to 1.0 −10 ± 3 −11 ± 3 −1.0 to 2.6
Muscle GM −23 ± 7 −22 ± 6 −5.5 to 3.4 −18 ± 7 −15 ± 7 −7.4 to 1.8
Peak vel [mm s−1] MTU GM 617 ± 163 560 ± 118 −41 to 155 508 ± 131 451 ± 132 −46 to 160
MTU SOL 610 ± 151 567 ± 100 −47 to 134 514 ± 115 467 ± 114 −47 to 142
fascicles GM 134 ± 44 106 ± 26 0 to 56∗§ 155 ± 24 148 ± 24 −23 to 36
fascicles SOL 102 ± 26 91 ± 17 −9 to 30 118 ± 32 112 ± 19 −15 to 25
AT GM 265 ± 36 250 ± 58 −24 to 55 264 ± 73 297 ± 88 −74 to 9
Values are means ± SD; CI, 95% confidence interval of differences; GM, gastrocnemius medialis; SOL, soleus; ∗P < 0.05 comparing raw values pre- and post-test,
§P < 0.05 comparing values normalized to instantaneous MTU length pre- and post-test, P < 0.05 comparing baseline, raw values between the groups. NB: When
normalized to MTU length, all variables were similar between groups at baseline.
FIGURE 3 | Average fascicle velocity in the training group (TG) and the control
group (CG) measured during pre-test (pre) and post-test (post).
(A) Gastrocnemius medialis (GM) and (B) soleus (SOL) fascicle velocities were
calculated as the first derivative of the normalized fascicle length. Values are
means ± SD. ∗P < 0.05 comparing pre- and post-test.
significant differences were found between pre- post-training
values of joint angle excursion and MTU lengthening during
the landing period, the execution of the landing task was
similar overall before and after training. Furthermore, the
similarity between raw and normalized (i.e., to MTU length)
strain data confirms that the observed changes after training
were not entirely due to variability in the execution of the
task.
Muscle and Tendon Mechanics During
Landing
The unaltered tendon strain measured during isometric
contractions after training is congruent with the similar
tendon elongation observed during landing, despite unchanged
joint moments. As mentioned above (see Changes in muscle–
tendon properties), a type II error cannot be entirely ruled
out, but an insufficient increase in stiffness to constrain
tendon strain seems a more likely explanation. It can be
speculated that the increase in stiffness (<100 Nmm−1)
found in this study was not sufficient to substantially reduce
tendon longitudinal strain during landing. Alternatively,
recent studies have highlighted the complexity of tendon
deformation (Farris et al., 2013; Raiteri et al., 2016), and in
particular the two-dimensional nature of this deformation
in the proximal part of the Achilles tendon. The present
intervention may have resulted in direction-specific changes
in tendon mechanical properties, limiting deformation in the
transverse direction. Likewise, the structural changes of the
muscle due to hypertrophy may have resulted in different
two-dimensional strain patterns in the Achilles tendon. Future
studies looking at the links between tendon properties and
function should include transverse strain measurements to verify
these hypotheses.
Despite the lack of significant change in longitudinal
deformation of the tendon, the active lengthening of the
gastrocnemius fascicles during landing was reduced after
training. A similar trend was found in soleus, but this disappeared
after accounting for MTU length changes, suggesting distinct
roles of the two muscles or a smaller effect of training on
soleus. Here again, region-specific changes in tendon strain
patterns or mechanical properties may have limited the effect of
training on the free tendon and therefore the soleus contractile
behavior. In support of this possibility, recently published
modeling data demonstrate the reduced sensitivity of soleus
muscle–tendon mechanics to changes in tendon compliance
compared to gastrocnemius (Orselli et al., 2017). Consistent with
the data on fascicle lengthening during landing, gastrocnemius
fascicle lengthening velocity was also reduced after training.
A slower active lengthening of the fascicles does not provide any
advantage for force production, but may mitigate the damage
caused by faster eccentric contractions (Proske and Morgan,
2001).
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FIGURE 4 | Fascicle length at touch down in the training group (TG) and the
control group (CG) measured during pre-test (pre) and post-test (post).
(A) Gastrocnemius medialis (GM) and (B) soleus (SOL) fascicle lengthening
were normalized to the respective MTU lengths. ∗P < 0.05 comparing pre-
and post-test.
In the case of the gastrocnemius muscle, the offset toward
longer fascicle length at touch down is noteworthy. Initial fascicle
length may have conditioned lengthening magnitude if this
parameter was determined by the final standing position (i.e.,
at the end of the landing phase). Owing to the gastrocnemius
force-length relationship, the increased fascicle length may have
increased the force produced at a similar level of muscle
activation, which could partly explain the reduction in fascicle
lengthening after training. Another possible reason for this offset
is the variability in fascicle segmentation on the first image
of each ultrasound scanning sequence. A recent analysis of
the reliability of fascicle tracking (Aeles et al., 2017) found
good reliability for the analysis of fascicle length changes
but also pointed at the more variable segmentation of the
initial image, rendering the comparison of absolute lengths
more challenging. However, in the present study, the same
investigator (AW) analyzed all images in a random order
and the fact that no differences in fascicle length at touch
down were found in the control group support these findings.
So, is this offset induced by training or simply linked to
the reduction in ankle plantarflexion at touchdown? The
latter interpretation seems unlikely here, because the same
analyses performed on the values normalized to instantaneous
MTU length confirmed that fascicles were longer at the
beginning of the landing (Figure 4). Since training did
not induce any change in resting fascicle length, a possible
explanation for the differences seen at touch down could
lie in the stiffening of elastic structures proximal to the
Achilles tendon (i.e., proximal tendon, aponeurosis, connective
tissue), which would constrain fascicles to a longer length
at touch down. This hypothesis would also be consistent
with the delayed onset of fascicle lengthening after training,
because of an increased resistance of elastic tissue. It would
additionally be compatible with the fact that the offset
was seen for the gastrocnemius but not for the soleus
muscle.
Energy Storage and Dissipation
The fact that the task and the mass of the subjects were identical
before and after the intervention implies that requirements
for energy storage and dissipation were unchanged. However,
in the trained subjects, the increased plantarflexion strength
combined with a stiffer Achilles tendon that underwent the same
elongation after training, indicates that more energy was being
stored during landing. Had fascicles produced more force, a
similar amount of energy would have been dissipated despite a
reduced lengthening. Increased fascicle force production would
have been consistent with the observed muscle hypertrophy. It
would also be in line with the longer operating length of the
fascicles after training, since the triceps surae muscles operate on
the ascending limb of the force-length relationship (Maganaris,
2003a). However, such an increase is incompatible with our
calculations of tendon force during landing, which did not
change after training. This point and the unaltered work done
at the ankle and knee joints make the interpretation of the
findings difficult in relation to the energetic consequences of
the observed changes. Of course, the accuracy of the estimated
tendon force is limited by a number of assumptions, amongst
which antagonist co-activation level was similar between subjects
before and after the intervention. Despite the limited predictive
value of electromyographic amplitude to estimate antagonist
torque, future studies may use other in vivo solutions to
improve force estimation. For the time being, the unaltered
Achilles tendon force and work done at the ankle and
knee joints make the interpretation of the findings difficult
in relation to the energetic consequences of the observed
changes.
CONCLUSION
This study showed that training-induced increases in Achilles
tendon stiffness and muscle strength did not affect the buffering
capacity of the tendon against large fascicle strain during landing.
On the contrary, decreases in gastrocnemius fascicle lengthening
and lengthening velocity were observed after training, although
it could not be directly linked to unchanged longitudinal strain
of the tendon. Questions remain regarding the mechanisms
underpinning the observed changes in fascicle behavior, and
further research is warranted to assess more precisely the
impact of these changes on energy dissipation. The techniques
currently used to study muscle–tendon mechanics in vivo
are limited by necessary assumptions and possible associated
errors. Reducing the likelihood and effects of these errors
will allow the present findings to be confirmed and built
upon.
ETHICS STATEMENT
This study was carried out in accordance with the
recommendations of the institutional ethical committee,
Ethical Committee of the Norwegian School of Sport Sciences.
The protocol was approved by the Ethical Committee of the
Frontiers in Physiology | www.frontiersin.org 9 June 2018 | Volume 9 | Article 794
fphys-09-00794 June 23, 2018 Time: 16:7 # 10
Werkhausen et al. Tendon Stiffness and Fascicle Behavior During Landing
Norwegian School of Sport Sciences. All subjects gave written
informed consent in accordance with the Declaration of Helsinki.
AUTHOR CONTRIBUTIONS
AW and OS performed the experiments, analyzed the data, and
drafted the manuscript. AW, KA, NC, GP, JB-M, and OS were all
involved in the conception and design of the research and edited,
revised, and approved the final version of the manuscript.
FUNDING
The study was funded by the Norwegian School of Sport Sciences.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphys.
2018.00794/full#supplementary-material
REFERENCES
Aeles, J., Lichtwark, G. A., Lenchant, S., Vanlommel, L., Delabastita, T., and
Vanwanseele, B. (2017). Information from dynamic length changes improves
reliability of static ultrasound fascicle length measurements. PeerJ 5:e4164.
doi: 10.7717/peerj.4164
Albracht, K., and Arampatzis, A. (2013). Exercise-induced changes in triceps surae
tendon stiffness and muscle strength affect running economy in humans. Eur.
J. Appl. Physiol. 113, 1605–1615. doi: 10.1007/s00421-012-2585-4
Arampatzis, A., Karamanidis, K., and Albracht, K. (2007). Adaptational responses
of the human Achilles tendon by modulation of the applied cyclic strain
magnitude. J. Exp. Biol. 210, 2743–2753. doi: 10.1242/jeb.003814
Arampatzis, A., Morey-Klapsing, G., Karamanidis, K., DeMonte, G., Stafilidis, S.,
and Brüggemann, G.-P. (2005). Differences between measured and resultant
joint moments during isometric contractions at the ankle joint. J. Biomech. 38,
885–892. doi: 10.1016/j.jbiomech.2004.04.027
Arampatzis, A., Peper, A., Bierbaum, S., and Albracht, K. (2010). Plasticity of
human Achilles tendon mechanical and morphological properties in response
to cyclic strain. J. Biomech. 43, 3073–3079. doi: 10.1016/j.jbiomech.2010.08.014
Balshaw, T. G., Massey, G. J., Maden-Wilkinson, T. M., Tillin, N. A., and Folland,
J. P. (2016). Training-specific functional, neural, and hypertrophic adaptations
to explosive-vs. sustained-contraction strength training. J. Appl. Physiol. 120,
1364–1373. doi: 10.1152/japplphysiol.00091.2016
Cormie, P., McGuigan, M. R., and Newton, R. U. (2010). Influence of strength on
magnitude and mechanisms of adaptation to power training. Med. Sci. Sports
Exerc. 42, 1566–1581. doi: 10.1249/mss.0b013e3181cf818d
Cronin, N. J., Carty, C. P., Barrett, R. S., and Lichtwark, G. (2011). Automatic
tracking of medial gastrocnemius fascicle length during human locomotion.
J. Appl. Physiol. 111, 1491–1496. doi: 10.1152/japplphysiol.00530.2011
Dick, T. J. M., Arnold, A. S., and Wakeling, J. M. (2016). Quantifying Achilles
tendon force in vivo from ultrasound images. J. Biomech. 49, 3200–3207.
doi: 10.1016/j.jbiomech.2016.07.036
Farris, D. J., and Lichtwark, G. A. (2016). UltraTrack: software for semi-automated
tracking of muscle fascicles in sequences of B-mode ultrasound images.
Comput. Methods Programs Biomed. 128, 111–118. doi: 10.1016/j.cmpb.2016.
02.016
Farris, D. J., Trewartha, G., McGuigan, M. P., and Lichtwark, G. A. (2013).
Differential strain patterns of the human Achilles tendon determined in vivo
with freehand three-dimensional ultrasound imaging. J. Exp. Biol. 216, 594–600.
doi: 10.1242/jeb.077131
Fukashiro, S., Komi, P. V., Järvinen, M., and Miyashita, M. (1993). Comparison
between the directly measured Achilles tendon force and the tendon force
calculated from the ankle joint moment during vertical jumps. Clin. Biomech. 8,
25–30. doi: 10.1016/S0268-0033(05)80006-3
Gerus, P., Rao, G., and Berton, E. (2011). A method to characterize in vivo tendon
force–strain relationship by combining ultrasonography, motion capture and
loading rates. J. Biomech. 44, 2333–2336. doi: 10.1016/j.jbiomech.2011.05.021
Gillett, J. G., Barrett, R. S., and Lichtwark, G. A. (2013). Reliability and accuracy
of an automated tracking algorithm to measure controlled passive and active
muscle fascicle length changes from ultrasound. Comput. Methods Biomech.
Biomed. Eng. 16, 678–687. doi: 10.1080/10255842.2011.633516
Hawkins, D., and Hull, M. L. (1990). A method for determining lower extremity
muscle-tendon lengths during flexion/extension movements. J. Biomech. 23,
487–494. doi: 10.1016/0021-9290(90)90304-L
Hirayama, K., Iwanuma, S., Ikeda, N., Yoshikawa, A., Ema, R., and Kawakami, Y.
(2017). Plyometric training favors optimizing muscle–tendon behavior during
depth jumping. Front. Physiol. 8:16. doi: 10.3389/fphys.2017.00016
Karamanidis, K., Stafilidis, S., DeMonte, G., Morey-Klapsing, G., Brüggemann,
G.-P., and Arampatzis, A. (2005). Inevitable joint angular rotation affects
muscle architecture during isometric contraction. J. Electromyogr. Kinesiol. 15,
608–616. doi: 10.1016/j.jelekin.2005.02.001
Kubo, K., Kanehisa, H., and Fukunaga, T. (2002). Effects of resistance and
stretching training programmes on the viscoelastic properties of human tendon
structures in vivo. J. Physiol. 538(Pt 1), 219–226. doi: 10.1113/jphysiol.2001.
012703
Kwah, L. K., Pinto, R. Z., Diong, J., and Herbert, R. D. (2013). Reliability and
validity of ultrasound measurements of muscle fascicle length and pennation
in humans: a systematic review. J. Appl. Physiol. 114, 761–769. doi: 10.1152/
japplphysiol.01430.2011
Lichtwark, G. A., and Wilson, A. M. (2007). Is Achilles tendon compliance
optimised for maximum muscle efficiency during locomotion? J. Biomech. 40,
1768–1775. doi: 10.1016/j.jbiomech.2006.07.025
Lichtwark, G. A., and Wilson, A. M. (2008). Optimal muscle fascicle length
and tendon stiffness for maximising gastrocnemius efficiency during human
walking and running. J. Theor. Biol. 252, 662–673. doi: 10.1016/j.jtbi.2008.
01.018
Maganaris, C. N. (2003a). Force-length characteristics of the in vivo human
gastrocnemius muscle. Clin. Anat. 16, 215–223. doi: 10.1002/ca.10064
Maganaris, C. N. (2003b). Tendon conditioning: artefact or property? Proc. R. Soc.
Lond. B Biol. Sci. 270(Suppl. 1), S39–S42. doi: 10.1098/rsbl.2003.0004
Miller, B. F., Olesen, J. L., Hansen, M., Døssing, S., Crameri, R. M., Welling, R. J.,
et al. (2005). Coordinated collagen and muscle protein synthesis in human
patella tendon and quadriceps muscle after exercise. J. Physiol. 567(Pt 3),
1021–1033. doi: 10.1113/jphysiol.2005.093690
Obst, S. J., Barber, L., Miller, A., and Barrett, R. S. (2017). Reliability of Achilles
tendon moment arm measured in vivo using freehand three-dimensional
ultrasound. J. Appl. Biomech. 33, 300–304. doi: 10.1123/jab.2016-0261
Orselli, M. I. V., Franz, J. R., and Thelen, D. G. (2017). The effects of Achilles tendon
compliance on triceps surae mechanics and energetics in walking. J. Biomech.
60, 227–231. doi: 10.1016/j.jbiomech.2017.06.022
Proske, U., and Morgan, D. L. (2001). Muscle damage from eccentric exercise:
mechanism, mechanical signs, adaptation and clinical applications. J. Physiol.
537, 333–345. doi: 10.1111/j.1469-7793.2001.00333.x
Raiteri, B. J., Cresswell, A. G., and Lichtwark, G. A. (2016). Three-dimensional
geometrical changes of the human tibialis anterior muscle and its central
aponeurosis measured with three-dimensional ultrasound during isometric
contractions. PeerJ 4:e2260. doi: 10.7717/peerj.2260
Roberts, T. J., and Azizi, E. (2010). The series-elastic shock absorber: tendons
attenuate muscle power during eccentric actions. J. Appl. Physiol. 109, 396–404.
doi: 10.1152/japplphysiol.01272.2009
Roberts, T. J., and Azizi, E. (2011). Flexible mechanisms: the diverse roles
of biological springs in vertebrate movement. J. Exp. Biol. 214, 353–361.
doi: 10.1242/jeb.038588
Roberts, T. J., and Konow, N. (2013). How tendons buffer energy dissipation
by muscle. Exerc. Sport Sci. Rev. 41, 186–193. doi: 10.1097/jes.0b013e3182a
4e6d5
Seynnes, O. R., Bojsen-Møller, J., Albracht, K., Arndt, A., Cronin, N. J., Finni, T.,
et al. (2015). Ultrasound-based testing of tendon mechanical properties: a
Frontiers in Physiology | www.frontiersin.org 10 June 2018 | Volume 9 | Article 794
fphys-09-00794 June 23, 2018 Time: 16:7 # 11
Werkhausen et al. Tendon Stiffness and Fascicle Behavior During Landing
critical evaluation. J. Appl. Physiol. 18, 133–141. doi: 10.1152/japplphysiol.
00849.2014
Seynnes, O. R., Erskine, R. M., Maganaris, C. N., Longo, S., Simoneau, E. M.,
Grosset, J. F., et al. (2009). Training-induced changes in structural and
mechanical properties of the patellar tendon are related to muscle hypertrophy
but not to strength gains. J. Appl. Physiol. 107, 523–530. doi: 10.1152/
japplphysiol.00213.2009
Timmins, R. G., Shield, A. J., Williams, M. D., Lorenzen, C., and Opar, D. A. (2016).
Architectural adaptations of muscle to training and injury: a narrative review
outlining the contributions by fascicle length, pennation angle and muscle
thickness. Br. J. Sports Med. doi: 10.1136/bjsports-2015-094881 [Epub ahead
of print].
Werkhausen, A., Albracht, K., Cronin, N. J., Meier, R., Bojsen-Møller, J., and
Seynnes, O. R. (2017). Modulation of muscle–tendon interaction in the
human triceps surae during an energy dissipation task. J. Exp. Biol. 220:4141.
doi: 10.1242/jeb.164111
Wiesinger, H.-P., Kösters, A., Müller, E., and Seynnes, O. R. (2015). Effects
of increased loading on in vivo tendon properties: a systematic review.
Med. Sci. Sports Exerc. 47, 1885–1895. doi: 10.1249/mss.0000000000
000603
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2018 Werkhausen, Albracht, Cronin, Paulsen, Bojsen-Møller and
Seynnes. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.
Frontiers in Physiology | www.frontiersin.org 11 June 2018 | Volume 9 | Article 794
